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Abstract A catalyst based on immobilization of a
molybdenum(VI) Schiff base complex on y-Fe,O; mag-
netic nanoparticles has been synthesized and characterized.
This catalyst was employed for the selective oxidation of
alcohols to the corresponding carbonyl compounds in
EtOH/H,0,. The catalyst can be easily separated from the
reaction mixture by decantation using an external magnet
and reused efficiently in five subsequent reaction cycles
without any significant decrease in activity or selectivity.

Introduction

One of the most fundamental organic transformations is the
oxidation of primary and secondary alcohols to the corre-
sponding carbonyl compounds [1, 2]. Oxidizing agents such
as hypervalent iodine reagents [3, 4], Cr(V]) salts [5-9] and
organic-based oxidants, such as the Dess-Martin [3] and
Swern [10] reagents, that are traditionally used for these
oxidations are often hazardous and can produce heavy metal
waste. Consequently, to overcome these shortcomings, a
substantial amount of research has been directed toward the
development of new and efficient catalytic systems based on
the use of aqueous 30 % H,0, as a final green oxidant. The
advantages of H,O; include low cost, environmental safety,
high atom economy and water as a byproduct [11-14].
Transition metal—catalyzed oxidation of organic substrates is
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of current interest [6, 15—18]. In particular, molybdenum(VI)
complexes can act in a similar way to molybdoenzymes and
catalyze a variety of oxidation reactions [19-22]. Various
molybdenum complexes are very active homogeneous and
heterogeneous catalysts for oxidation—epoxidation reactions
[23, 24]. Although the oxidation of alcohols can be accom-
plished by these methods, most of the existing protocols
suffer from limitations such as low yields, long reaction
times, use of organic solvents or unrecyclable catalysts and
tedious work-up procedures leading to toxic waste. Recently,
magnetic nanoparticles (MNPs) have received increasing
interest as supporting materials for the synthesis of hetero-
geneous catalysts [25-28]. The advantages of MNPs include
easy preparation and functionalization, large surface area-to-
volume ratios, low toxicity and price [29-31]. A catalyst
supported on magnetic nanoparticles can be easily separated
from the reaction mixture by an external magnet and so
techniques such as filtration or centrifugation are not
required for catalyst recovery and recycling.

In this work, we report the synthesis, characterization
and performance of a new molybdenum(VI) Schiff base
complex anchored on y-Fe,O; magnetic nanoparticles as
an efficient, highly recyclable and heterogeneous catalyst
for the oxidation of alcohols using H,O, and EtOH as a
green oxidizing agent and solvent. The catalyst can be
easily and completely separated from the reaction mixture
by employing an external magnetic field.

Experimental
Chemicals were purchased from Merck. [MoO,(acac),] was
prepared according to the method reported in the literature

[32]. The purities of the products and the progress of the
reactions were monitored by TLC on silica-gel polygram
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SILG/UV254 plates. TEM analysis was performed using a
TEM microscope (Philips CM30). FTIR spectra were
recorded in the 4000—400 cm ™' region using KBr disks on a
Thermo SCIENTIFIC model NICOLET iS10 spectropho-
tometer. Elemental analyses were obtained on a LECO
CHNS-932 analyzer. Thermogravimetric analysis (TGA)
was performed on a computer-controlled NETZSCH model
PC Luxx 409 apparatus. Power X-ray diffraction (XRD)
patterns were recorded on a Philips X’pert diffractometer
with Cu Ko (A = 0.154 nm) radiation. Room temperature
magnetization isotherms were obtained using a vibrating
sample magnetometer (VSM, LakeShore 7400). The content
of Mo in the catalyst was determined by ICP-OES VISTA-
PRO inductively coupled plasma analyzer.

Synthesis of y-Fe,O3; MNPs

v-Fe,O; MNPs were synthesized by a reported procedure,
involving chemical co-precipitation of ferric and ferrous
ions in alkali solution with minor modifications [33, 34].
FeCl,-4H,0O (1.99 g) and FeCl;.6H,O (3.25 g) were dis-
solved in deionized water (30 mL) under an N, atmosphere
at room temperature. A NH4,OH solution (0.6 M, 200 mL)
was then added dropwise (drop rate 1 mL min~') to the
stirring mixture at room temperature to give a pH of 11.
The resulting black dispersion was continuously stirred for
1 h at room temperature and then heated to reflux for 1 h to
yield a brown dispersion. The magnetic nanoparticles were
then separated by an external magnet and washed with
deionized water until neutralized. The synthesized sample
was heated at 2 °C min~" up to 250 °C and then kept in a
furnace at 250 °C for 3 h to give a reddish-brown powder.

Synthesis of chloro-functionalized y-Fe,O3

The prepared y-Fe,O5 (3.5 g) was sonicated in dry toluene
(50 mL) for 30 min. 3-Chloropropyltriethoxysilane (3.5 mL)
was added to the dispersed y-Fe,O; in toluene under
mechanical stirring. The mixture was slowly heated to 105 °C
and kept at this temperature for 48 h. The solid was separated
by an external magnet, washed three times with ethanol and
dried under vacuum.

Preparation of y-Fe,Os;—diamine

The chloro-functionalized y-Fe,O3 (3.5 g) was dispersed
by sonication in dry toluene (50 mL) for 30 min. 1,3-Di-
amino-propan-2-ol (0.4 g) was then added under mechan-
ical stirring. The mixture was slowly heated to 105 °C and
kept at this temperature for 24 h. The solid was separated
by an external magnet, washed three times with ethanol
and dried under vacuum.
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Synthesis of Schiff base immobilized on y-Fe,O3
(v-Fe203-L)

v-Fe,O3-diamine (3.5 g) was sonicated in absolute
methanol (50 mL) for 30 min. Salicylaldehyde (1.5 mL)
was added slowly to the mixture, which was then stirred at
65 °C for 24 h. After cooling to room temperature, the
solid was separated by an external magnet, washed with
methanol and dried at 60 °C under vacuum.

Preparation of molybdenum Schiff base complex
immobilized on y-Fe,03 (y-Fe,03-MoO,L)

v-Fe,O5-L (3.5 g) was sonicated in dry methanol (30 mL)
for 30 min. MoO,(acac), (1.2 g) was added to the dis-
persed mixture under mechanical stirring, and the mixture
was refluxed for 24 h. The solid was separated by an
external magnet and washed three times with methanol. It
was then dried under vacuum at 60 °C overnight to furnish
the corresponding y-Fe,O3-supported complex.

General procedure for oxidation of alcohols

Catalytic experiments were carried out in a 5-mL test tube.
In a typical procedure, to 1 mmol benzyl alcohol in 1 ml
solvent, 2 mol% (0.02 g) of y-Fe,O3-MoO,L and 2 mmol
of 30 % H,0, was added. The reaction mixture was stirred
for 3 h at 80 °C. The reaction products were monitored by
TLC or GC. After completion of the reaction, the mixture
was diluted with EtOAc. The catalyst was separated by an
external magnet, washed with EtOAc, dried and reused for
a consecutive run under the same reaction conditions.
Evaporation of the solvent from the filtrate under reduced
pressure gave the crude products, which were then purified
by chromatography on silica gel eluted with n-hexane/
EtOAc (2:1).

Results and discussion
Catalyst synthesis and characterization

The synthetic procedure to obtain the catalyst is outlined in
Scheme 1. First, y-Fe,O; MNPs were synthesized by
chemical co-precipitation of ferric and ferrous ions from
alkaline solution [33, 34]. The resulting y-Fe,O3 was then
functionalized with 3-chloropropyltriethoxysilane. Next,
1,3-diamino-propan-2-ol was added to obtain y-Fe,Os-di-
amine. This reaction was followed by condensation with
salicylaldehyde to give a tridentate Schiff base immobi-
lized on y-Fe,Oz (y-Fe,Os3-L). Finally, reaction with a
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Scheme 1 Synthesis of y-Fe,03-MoO,L

methanol solution of MoO,(acac), gave y-Fe,03-MoO,L
(Scheme 1).

The size and structure of the synthesized catalyst were
evaluated using transmission electron microscopy (TEM).
TEM images revealed an approximately spherical shape for
v-Fe,03-MoO,L. with an average diameter of 15 4+ 5 nm
(Fig. 1).

The crystalline structures of y-Fe,O; and vy-Fe,O3-
MoO,L. were characterized by X-ray diffraction (XRD)
(Fig. 2). The XRD pattern of y-Fe,O3 showed character-
istic peaks that matched with those of standard y-Fe,O3
nanoparticles (JCPDS file no. 04-0755), with a unit cell
dimension of 8.35 A and space group of P4132 (213). The

Fig. 1 TEM images of y-Fe,03-MoO,L

OH ref., 24 h ,MecOH

YN‘ D

same set of peaks was observed in the XRD pattern of
v-Fe,03-MoO,L, indicating the stability of the crystalline
nanoparticles phase during surface modification. The
deduced average size of the y-Fe,03-MoO,L nanoparticles
from Scherrer’s formula was about 15.8 nm.
Thermogravimetric analysis (TGA) was used to study
the thermal stability of the catalyst. The thermal behavior
of y-Fe,03-MoO,L is shown in Fig. 3. A weight loss of
about 8.55 wt% between 25-580 °C can be attributed to the
loss of organic components attached to the surface.
According to the TGA, the amount of organic components
functionalized on y-Fe,O; was 0.18 mmol g~'. These
results were in good agreement with the elemental analysis
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Fig. 2 XRD patterns of a y-Fe,O3 and b y-Fe,03-MoO,L
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Fig. 3 TGA diagram of y-Fe,03-MoO,L

data (N = 0.54 %) and the ICP analysis, which showed
that 0.19 mmol of molybdenum was anchored on 1.0 g of
v-Fe,03-MoO,L catalyst.

The immobilization of the molybdenum Schiff base
complex on y-Fe,O3; was monitored by FTIR spectroscopy
(Fig. 4). A band at around 550-650 cm ™" is assigned to the
Fe—O bond stretching vibrations in vy-Fe,O3, while an
intense band in the range of 1000-1300 cm ™' is assigned
to the Si-O stretching bond in chlorosiloxane-functional-
ized y-Fe,O3 (Fig. 4b). In the FTIR spectrum of the Schiff
base immobilized on y-Fe,O; (Fig.4c), a band at
1650 cm ™" is assigned to the C=N stretch and some weak
bands at 1200-1300 cm ™' are assigned to the aromatic
rings of the Schiff base. These features were not present in
the parent y-Fe,Os;. After reaction of y-Fe,O5-L with
MoOs(acac),, the imine stretch is shifted to 1620 cm™!

s

Fig. 4d, indicating complexation of this group with the

@ Springer

(d)
[{e]
(]
cooo
w
@
NS
Bl
£
h—1 —_
£l
H
-—
(]
()]
(e}
(a)
(8)]
[{e]
(@]
"N | N 1 ) | N (] " | N 1 " |
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm1)

Fig. 4 FTIR spectra of a y-Fe,O5, b chloro-functionalized y-Fe,03,
(¢ 'Y-Fezo:;-L and d 'Y-Fezo3-M002L

metal. In the FTIR spectrum of y-Fe,O3-MoO,L, two
bands at 934 and 903 cm™' can be assigned to the
stretching vibrations of the Mo=0 groups loaded onto
MNPs [27]. A strong and broad band in the range of
2800-3700 cm ™' corresponds to the hydrogen-bonded
adsorbed water, overlapped with C—H stretching vibrations
of the phenyl and CH, groups [27]. A band at 1660 cm™'
in Fig. 4a, b is assigned to adsorbed water [33].

The magnetization curves of y-Fe,O; and y-Fe,O3-
MoO,L were measured at room temperature with a vibrat-
ing sample magnetometer (VSM). As shown in Fig. 5, no
reduced remanence and coercivity were detected, indicating
both unmodified and Mo-modified y-Fe,O5 are superpara-
magnetic. The saturation magnetic moments of y-Fe,O3 and
v-Fe,03-MoO,L are 68.8 and 65.5 emu g~ ', respectively.

Catalytic activities of y-Fe,O3-MoO,L
for the oxidation of alcohols

Following the successful synthesis and characterization of
v-Fe,03-MoO,L, its catalytic activity was studied for the
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Fig. 5 Magnetization curves of y-Fe,O3 and y-Fe,03-MoO,L

oxidation of alcohols to the corresponding aldehydes or
ketones with aqueous 30 % H,O, as the terminal oxidant.
The oxidation of benzyl alcohol (I mmol) to benzaldehyde
as a test reaction was first investigated in various solvents
and at different temperatures, to find the optimum reaction
conditions (Table 1). Initially, this reaction was investi-
gated under solvent-free condition, as well as in different
solvents (entries 1-10). The best yield of the desired pro-
duct was obtained in ethanol at 80 °C (entry 2). A similar
reaction at lower temperature required more time and
produced lower yields (entriy 11). Next, the influence of
different oxidants on the oxidation of benzyl alcohol in
ethanol at 80 °C was studied (entries 12—14). Hydrogen
peroxide proved to be the best choice among the examined
oxidants (entry 2). The reaction did not proceed well in the
absence of any oxidant, giving only a trace amount of the
desired product (entry 15). Similarly, when 1 mmol of the
oxidant was used, the yield of the desired product was
decreased (entry 16). Similar reactions performed in the
presence of different amounts of y-Fe,O3-MoO,L (entries
17 and 18) showed that 2 mol% of the catalyst gave the
best results (entry 2). The model reaction was also exam-
ined in the presence of y-Fe,O; and MoO,(acac), rather
than the y-Fe;03-MoO,L catalyst (entries 19-21) and low
amounts of the desired product were obtained.

In order to establish the generality of this method, the
oxidation of a variety of primary and secondary alcohols
under the optimized reaction conditions was investigated
(Table 2). Substituted benzyl alcohols bearing either elec-
tron-releasing or withdrawing groups were also oxidized
selectively and afforded the corresponding aldehydes in
good to excellent yields (entries 1-6). Moreover, relatively
hindered benzyl alcohols were also converted to the cor-
responding aldehydes in good yields without any over-
oxidation to the corresponding carboxylic acid under the

Table 1 Oxidation of benzyl alcohol to benzaldehyde under different
conditions

Entry Oxidants T (°C) Solvent (0.5 mL) Yield® (%)
1 H,0, 80 - 60

2 H,0, 80 EtOH 85

3 H,0, 80 Toluene 55

4 H>0, 60 CH;0H 45

5 H,0, 55 THF 55

6 H,0, 60 CHCl, 20

7 H,0, 80 CH;CN 60

8 H,0, 60 CH,Cl, 15

9 H,0, 80 H,0 60

10 H,0, 80 DMSO Trace
11 H,0, 50 EtOH 50

12 (o} 80 EtOH(1 mL) 50
13 TBHP 80 EtOH 25

14 UHP 80 EtOH 70

15 - 80 EtOH Trace
16° H,0, 80 EtOH 60
17¢ H,0, 80 EtOH 50
18°¢ H,0, 80 EtOH 85
19* H,0, 80 EtOH Trace
208 H,0, 80 EtOH 10
210 H,0, 80 EtOH 30

 Tsolated yield, reaction conditions: benzyl alcohol (1 mmol), oxi-
dant (2 mmol, except for Entries 12-16), y-Fe,O3;-Mo (2 mol%,
except for Entries 17-21), reaction time: 3 h

" 60 bubble/min

¢ 1 mmol H,0,

4 Catalyst: 1 mol%

¢ Catalyst: 3 mol%

' No catalyst

€ Catalyst: y-Fe,O3 (2 mol%)

h Catalyst: MoO,(acac), (2 mol%)

same reaction conditions (entries 2, 3, 5). In particular, the
heteroaromatic furfuryl alcohol, which is considered to be a
challenging substrate in most transition metal catalyst
systems, was oxidized selectively to furfural in this system
(entry 7). Linear alcohols were also oxidized efficiently
with H,O, by this catalyst (entries 8—10), while secondary
alcohols gave the corresponding ketones in good yields
(entries 11-16).

In order to investigate the chemoselectivity of the sys-
tem, a competitive reaction was designed. A mixture of
equal amounts of benzyl alcohol and 2-phenyl ethanol was
subjected to oxidation under the condition given in Table 2
(Scheme 2). In this experiment, benzyl alcohol was oxi-
dized to benzaldehyde, but 2-phenyl ethanol was left
unreacted.
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Table 2 Oxidation of alcohols with H,O, catalyzed by y-Fe,O3-MoO,L

Entry Alcohol Product Time(h) Yield®
(%)
AN
o Or
OH ~o
2 4 70
Cl cl
OH ~o
3 3 60
OH OH
OH AN
OH o
5 3 80
Cl Cl Cl Cl
OH ~o
6 3 85
Cl Cl
7 @VOH [ ) _0 4 60
(o) O
8 NN o NN Y 4 60°
9 S 0oH N 4 65°
N
(¢}
0 /YOH /Y 3 70°
OH o
OH (@]
12 @2\ (j)k 4 80
o i 3 50
13
. 9 on C . g2 d 46
o OO OO
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Table 2 continued

Entry Alcohol

Time(h) Yield®
(%)

Product

OH

Mo
Vs a s
g o
© C-C
e Ot

(o}

4< >7C*C 3 65

o o

Q&,& 3 70

 Isolated yield, conditions: alcohol (1 mmol), hydrogen peroxide (2 mmol), catalyst (2 mol%), temperature: 80° C

® Yield determined by GC analysis
¢ The alcohols were synthesized according to Ref [35]

Scheme 2 Chemoselectivity of
the catalyst

<

(@) (b)

Fig. 6 a Reaction mixture, b Separation of y-Fe,03;-MoO,L from the
reaction mixture by an external magnet

The recyclability of a heterogeneous catalyst is of great
importance and provides a critical advantage over homoge-
neous catalysts. The magnetic properties of y-Fe,03-MoO,L
facilitate efficient recovery of the catalyst from the reaction
mixture. Thus, after performing the oxidation of benzyl
alcohol with hydrogen peroxide, the catalyst was separated
by an external magnet from the reaction mixture (Fig. 6),

OH 0
v-Fe,03-MoO,L quantitative
’ H

80 °C, EtOH, 30% H,0,

(6]
90

80 -
70
60 -
50 -
40
30 -
20-
10
04
1 2 3 4 5

Runs

Yield (%)

Fig. 7 Reusability of y-Fe,O3-MoO,L in selective oxidation of
benzyl alcohol to the benzaldehyde with 30 % H,O,

washed with EtOAc and dried for 30 min at 80 °C. In this
way, the recycled catalyst was successfully used in at least
five reaction cycles with only slight decrease in catalytic
performance (Fig. 7). ICP analyses of y-Fe,03-MoO,L after
five such cycles showed that only a very small amount of Mo
had been removed from the catalyst. The TEM image of used
v-Fe;03-MoO,L (Fig. 8) compared with the fresh catalyst
showed that the morphology remained intact after five
cycles, while the FTIR spectrum (Fig. 9) of the reused
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Fig. 8 TEM image after five times reuse of y-Fe,O3-MoO,L
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Fig. 9 FTIR spectrum of y-Fe,03-MoO,L after five times reuse

catalyst also showed no detectable changes compared to the
fresh catalyst (Fig. 4).

Conclusions

In summary, a molybdenum Schiff base complex immo-
bilized on y-Fe,O; magnetic nanoparticles was synthe-
sized, characterized and applied as a magnetically
recyclable heterogeneous catalyst in the activation of 30 %
H,0, for the selective oxidation of alcohols to their cor-
responding carbonyl compounds. Primary aromatic and
aliphatic alcohols were selectively converted to the corre-
sponding aldehydes without over-oxidation to the corre-
sponding carboxylic acids. Moreover, secondary alcohols
were also oxidized to the corresponding ketones with good

@ Springer

to excellent yields. The catalyst was successfully recovered
from the reaction mixture and reused for five subsequent
reaction cycles with only slight decrease in its activity.
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